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Abstract. This study was conducted to explore the use of dielectric impedance measurements 
at multiple frequencies, to predict the moisture content of hay and forages of unknown density, 
material volume, and material composition on a static test stand. 
   The impedance measurements were found to be relatively successful in predicting the 
moisture content of legumes (alfalfa, clover) and to a lesser extent grasses (brome, orchard) 
and one grass/legume mixture (brome/clover).  The measurements were less successful in the 
prediction of moisture content of a second grass/legume mixture (brome/alfalfa). The coefficient 
of determination (R2) between the predicted and actual moisture contents were 0.95, 0.91 for 
alfalfa and clover respectively; 0.74, 0.78 for brome and orchard grass; and 0.94, 0.65 for 
alfalfa/brome and clover/brome mixtures.  The frequencies used in the prediction equations 
were in the 900 kHz to 13 MHz range with the exception of 5 Hz frequency used in the clover 
prediction equation. The moisture content prediction capability was not affect by the density or 
the amount of material in the sensor. However the sensor required separate calibration for each 
crop. 
Keywords. Moisture Sensor, Hay and Forages, Precision Agriculture  
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Introduction 
Moisture content is one of the most important factors affecting the harvest, trading, storing, and 
handling of hay and forages. In high-production hay and forage equipment material flow into the 
machine is rapid, with varying density and material flow, and the material composition is often 
unknown. The development of a sensor capable of determining the moisture content of the 
material flowing into the machine prior to compaction would provide an operator the opportunity 
to control leaf loss and minimize potential storage problems.  
Dielectric measurements have been used for many years to determine various characteristics of 
biological materials. Moisture content determination using complex impedance is an area where 
considerable research has lead to accurate methods of moisture prediction in grains and seeds.  
Nelson (1965) used the phase angle between the real and imaginary part of complex permittivity 
to determine moisture content of grains and seeds.  These methods were used for years with 
considerable success in moisture content prediction of grains and seeds (Stetson and Nelson 
1970, 1972; Nelson 1973; Trabelsi et. el, 1999a, 1999b.). 
Stenning and Berbert (1993) used multiple frequencies to determine moisture content on hard 
winter wheat.  In biological materials the density varies, and must be accounted for when 
solving for moisture content. In these studies, two frequencies were used to determine the 
moisture content of wheat with a maximum prediction error 1.3 moisture percentage points.  
Moisture content determination in small grains and seeds have been research extensively, and 
with the use of multiple frequencies it is possible to accurately determine moisture content 
independent of density.  
Research on biological materials other than grains and seeds have slowly developed, but an 
accurate way to measure forage moisture independent of density have been studied.  Ko and 
Zoerb (1970) studied the moisture content of wheat straw using a parallel plate capacitor. Their 
research looked at the effect of temperature, density, and moisture content on the dielectric 
properties of wheat straw at 100KHz and 1 MHz.  Conclusions were that temperature, moisture 
content, density, and frequency all affect the dielectric constant. Other research has been done 
on forage material to determine the forage dry matter.  Angelone et al. (1980) estimated forage 
dry matter of standing crop using a static test fixture consisting of aluminum plates held in place 
by adjustable legs, with the ground being utilized as one of the capacitor “plates”. The fixture 
was adjustable so measurements could be taken at different heights.  The coefficient of 
determination for estimating dry weight of alfalfa, orchard grass, and tall fescue compared to 
standardized test were 0.946, 0.989, and 0.950 respectively. 
In order to predict moisture content a real-time sensor must be capable of predicting moisture 
content of an unknown material composition with varying density, and mass of material within 
the sensor.  This study was conducted to explore the use of dielectric impedance 
measurements at multiple frequencies to predict the moisture content of hay and forages of 
unknown density, material flow, and material composition on a static test sample. 
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OBJECTIVES 
The eventual goal of this work is to develop a real-time moisture sensor for hay and forages. 
When material enters the pick-up on high-production hay and forage equipment the density, 
material, and amount of space that the material occupies in the sensing area are all unknown. 
This research was conducted to evaluate the effect of material type, density and the ratio of the 
sensor volume occupied by the material, on the moisture content prediction.  The specific 
objectives included.  
1. Determine which frequencies have the greatest prediction capability for moisture content of 
hay and forage. 
2. Evaluate the effect of different quantities of material within the sensor on the predictive 
capacity of the sensor.  
3. Evaluate the effect of changes in material density and develop density independent moisture 
content prediction models.  
4. Evaluate different materials to determine whether crop specific or global calibration 
equations are required. 
THEORY 
Dielectric properties of material are represented by the complex permittivity, 
 e = e ' -je" (1) 
where e ' is the dielectric constant and e" is the loss factor. The dielectric constant and loss factor 
are dependent on frequency, moisture content, density and temperature (Nelson 1976, 1982).  
In this study the complex admittance, which is related to the dielectric properties, was 
measured. The complex admittance can be written as: 
  Y = G + jB (2) 
Where G is the conductance and B is the susceptance. The dielectric constant and loss factor 
can be determined from the conductance and susceptance. At any particular frequency (f) the 
capacitance (C) is related to susceptance (B) as follows: 
  C = B / 2pf = B / w (3) 
The relative dielectric constant e r' of the material is determined from the capacitance (C) by:  
  e r'  = C d / e0 A (4) 
Where d is the distance between the two plates, A is the area of the plates and e0 is the 
permittivity of free space, and equal to 8.854 x 10-12 F/m.  The loss factor (e") can be solved 
using the capacitance (C0) of the empty sample holder and the conductance (G). 
  e r" = G / w C0  (5)  
In practice, the measured capacitance is a combination of the capacitance due to the sample 
and test fixture. The measured capacitance (CM) is the total capacitance of the three 
capacitances in parallel (figure 1), the capacitance due to Rexolite supports (CR), the fringing 
capacitance (CF), and the sample capacitance (CS). 
 CM = CR + CF + CS (6) 
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Figure 1. Equivalent capacitive circuit for the test fixture 
The capacitance of the sample (CS) is a combination of the capacitance of the material (CH), the 
capacitance of the Rexolite plate (CP), and the capacitance of air (CA) modeled in series as 
shown:  
  CS = 1/[1/CA + 1/CH +1/CP] (7) 
However, in a practical sensor the relative contribution of hay (CH) and air (CA) cannot be 
resolved, since the volume of hay in the fixture is unknown.  Therefore the total sample 
capacitances (CS) was used (Eqn. 6).  The Rexolite capacitance (CR) and sample capacitance 
(CS) can be written in terms of the dielectric constants. 
   CR = [e0e'R AR]/ d  (8) 
  CS = [e0e 'S AS] / d  (9) 
Therefore the total measured capacitance (equation 6) can be written in terms of the dielectric 
constants of the sample and Rexolite supports, and the capacitance due to fringing. 
  CM =   [e0 e'R AR + e0 e'S AS] / d + CF (10) 
The fringing capacitance is unknown but can be determined from the open circuit test. The 
measured capacitance (CMO) for the open circuit test is. 
  CMO = [e0 e'R /d] AR + [e0 e'A /d] AS + CF (11) 
In this case the sample material is air. The dielectric constant for air (e 'A) is equal to one. 
Therefore rearranging equation 11 and substituting for (e 'A) the fringing capacitance can be 
solved. 
  CF = CMO – [e0/d] [AR e 'R + AS] (12) 
The relationship between the measured sample capacitance CM and the sample dielectric 
constant (e 'S) can be determined from equation (10) and (12) by: 
  CM - CMO = [e0 AS /d] [e'S –1] (13) 
Therefore the dielectric constant is given by: 
  e'S = 1 + [d / e0 AS] [CM – CMO] (14) 
CF CR 
CH
CP 
CA 
Cs 
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Substituting for both measured capacitance (CM) and open circuit capacitance (CMO) with B/2pf 
the dielectric constant is determined from the measured susceptance (BM) as follows. 
 e'S = 1 + [d / e0 AS w] [BM – BMO] (15) 
Where AS = the area of the sample material and BMO is the susceptance measured for the open 
circuit test (Lawrence and Nelson, 1973).  
The loss factor can be solved in a manner similar to the dielectric constant, using the 
conductance (G). The total measured conductance (GM) is calculated from the Rexolite 
conductance (GR), sample conductance (GS), and fringing conductance (GF) as shown below: 
 GM = GR + GS + GF  (16) 
The Rexolite conductance (GR) and sample conductance (GS) can be written in terms of 
capacitance and loss factors as follows: 
 GR = w C0 e ''R (17)  
 GS = w C0 e ''S (18) 
Where C0 is the capacitance of the empty sample holder in farads, and e ''R and e ''S are the loss 
factors of Rexolite and the sample material at any particular frequency (f). The loss factor for the 
sample can be determined from the total measured conductance (GM) and open circuit 
conductance (GMO) is written in final form as follows. 
 eS'' = [GM – GMO] / wC0  (19) 
The open circuit capacitance (C0) is determined from the susceptance of the open circuit tests. 
MATERIAL AND METHODS 
The tests were conducted using a HP 4192A LF Impedance Analyzer with a frequency range 
from 5 hertz to 13 megahertz coupled with a 16095A probe fixture. A HP Pentium computer 
programmed with QuickBasic code controlled the impedance analyzer, via a HP-IB GPIB 32 
computer board. A parallel plate test fixture connected to the HP Impedance Analyzer was 
constructed from aluminum and Rexolite 1422.  Four aluminum plates were used, one of which 
was connected to the positive pin on the BNC connector while an aluminum strip grounded the 
3 other aluminum plates (figure 2).  Rexolite was used as support members on the sides as well 
as a movable divider so the different material to total volume percentages could be run. 
Material 
First cutting alfalfa, clover, brome, orchard, as well as brome-clover, and brome-alfalfa mixtures 
were collected from the Iowa State University Agronomy plots.   Plots were pure stands of 
alfalfa, clover, brome grass, and orchard grass respectively, while mixtures were 50 percent 
legume, 50 percent grass. The plots were harvested at mid-day to eliminate the possibility of 
surface moisture on the materials, using a sickle bar mower.  Each sample was spread out 
evenly on an individual piece of plastic in a climate-controlled room.  Room temperature was 
held between 65 and 72 degrees, while the relative humidity was held between 35% and 41% 
respectively.  
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Figure 2. Schematic drawing of the parallel plate capacitor test fixture. 
Testing Sequence 
Samples were randomly taken from each material, and tested one crop at a time.  A random 
sample was gathered, weighted to the nearest tenth of a gram, and placed in the testing fixture 
starting with the 25% low density test, where 25% of the fixture was occupied by the sample and 
the other 75% occupied with air at room temperature and humidity. The 25% low-density test 
was followed by the 25% high-density test, and the 50%, 75% and 100% tests respectively at 
two density levels. Sample mass was based on moisture content and desired density. The 
nominal mass of dry material per unit volume in the test fixture was held constant for the 
different moisture content levels at a particular density test.  The nominal dry mass for the high-
density tests were double that for the low-density tests. The change in total mass in the test 
fixture at different moisture levels was a result of the change in nominal moisture content of the 
material. Crops were tested at approximately 80, 40, 20, and 10% moisture content respectively 
(table 1). 
The same steps were followed until a complete set of three replications at two different 
densities; four moisture contents, and three material to total volume percentages were 
completed on all six crops. In order to get an estimate of the moisture content of the material 
prior to each set of tests for any individual moisture content, the rapid approximate moisture 
determination method was used as described in ASAE standard S358.2.  The rapid moisture 
test was used solely to determine the approximate moisture content prior to testing and not 
used for analysis 
During the testing a separate sample was taken for each low-density test and placed in a 4-inch 
diameter by 3-inch high tin for the standardized oven-drying test. The tins were weighted, and 
then the samples were dried in an oven for 72 hours at 60C (ASAE Standard S358.2 1994). 
The standardized moisture content was calculated on a wet basis according to ASAE standard 
S358.2.  
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Table 1. Amount of material (grams) in test fixture at each moisture content and 
percentage material by volume. 
Material 
Volume  MASS OF MATERIAL IN TEST FIXTURE
1/ 
% of 
Fixture Density  
MOISTURE CONTENT2/ 
       80%                 40%                 20%                10%  
25 Low  200 60 50 45 
 High  400 120 100 90 
50 Low  400 120 100 90 
 High  800 240 200 180 
100 Low  800 240 200 180 
 High  1600 480 400 360 
1/Mass selected to maintain approximately equal mass of dry matter for all moisture 
contents at the two densities. 
2/ Nominal moisture content of forage on wet basis. 
RESULTS AND DISCUSSION 
To determine the frequencies that gave the best moisture content prediction stepwise linear 
regression was performed on all the data. The data was sorted by material and modeled with 
moisture content as the dependent variable, and conductance and susceptance as the 
independent variables. The standardized moisture content in the high moisture range (above 
65%) and the low moisture content (below 11%) had much less variation than the middle 
moisture contents (12-64%).  
In all the prediction equations, frequencies selected in the prediction models were of 900 KHz or 
above, with the exception of 5 Hz used in the moisture content prediction model for clover. The 
coefficient of determinations (r2) and the number of factors included in the prediction model for 
each material are given in Table 2.  
Table 2. Coefficient of determinations between the numbers of factors (frequencies) in model for 
each forage type. 
 Coefficient of determination (R2) 
 Number of Factors in Model 
Material 1 2 3 4 5 6 7 12 
         All material 0.1984 0.4343 0.5450 0.5842 0.6235 0.6439 0.6709 0.7512 
Alfalfa 0.2249 0.7163 0.7758 0.8538 0.9532    
Brome/Alfalfa 0.1891 0.5656 0.6474      
Brome/Clover 0.2303 0.5420 0.5955 0.7429 0.8834 0.9296 0.9434  
Brome 0.2211 0.7211 0.7845      
Clover 0.2138 0.5949 0.8030 0.8218 0.8979 0.9092   
Orchard 0.2381 0.6263 0.7411      
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The coefficient of determinations for the best moisture content prediction models range from 
0.95 to 0.65, for alfalfa and brome/alfalfa respectively. All materials used seven or fewer 
predictors in the prediction model, with legumes using more predictors in the model than 
grasses. The best prediction models for the two legumes alfalfa and clover included 4 and 6 
factors with a coefficient of determination of 0.95 and 0.90 respectively. Prediction models for 
the two grasses brome and orchard used 3 and 4 factors and the coefficient of determinations 
were only 0.78 and 0.74, respectively. The mixtures brome/alfalfa and brome/clover had a wide 
range of moisture content prediction. The moisture content prediction model for brome/alfalfa 
used 3 factors, and had the worst resulting coefficient of determination of 0.65. Brome/clover 
used 7 factors in the prediction model, with a coefficient of determination of 0.94.  
It is import that the sensor is capable of predicting moisture content with different amounts of 
material within the sensor.  The predicted vs. actual moisture content for the different amounts 
of material in the test fixture are shown for alfalfa, brome, and brome/clover (figure 3, 4, and 5 
respectively). The different volumes of material are represented by the different symbols. The 
graphs of predicted vs. actual moisture content show the amount of material in the test fixture 
does not have an apparent effect on the predictive capability sensor. The graphs do however 
show the high and low moisture contents have a narrow range actual moisture contents (x-axis) 
within each moisture level, unlike the middle two moisture contents which have a larger range in 
the actual moisture contents for each set of samples. The large range in actual moisture 
contents were caused by uneven drying and resulted in increased error due to sub-sampling of 
the material. The sub-sampling error could account for a substantial amount of the prediction 
error at these intermediate moisture levels. 
 
Figure 3.  Regression line of actual moisture content vs. predicted moisture content for all alfalfa 
data. Different symbols are used to represent different volumes of material in the fixture.  
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Figure 4.  Regression line of actual moisture content vs. predicted moisture content for all 
brome data. Different symbols are used to represent different volumes of material in the fixture. 
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Figure 5.  Regression line of actual moisture content vs. predicted moisture content for all 
brome/clover data. Different symbols are used to represent different volumes of material in the 
fixture. 
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The RMSE for the different amounts of material within the fixture for all materials tested are 
shown in table 3. Alfalfa had a RMSE of 4.99 for all material, and for the 25%, 50%, and 100% 
tests of alfalfa the RMSE values were 4.88, 4,87, and 5.09 respectively. The RMSE for the other 
legume clover were 7.55 for all clover data, 6.89 for 25%, 8.23 for 50%, and 7.36 for the 100% 
tests respectively.  The prediction error was greater for the grasses, brome and orchard than the 
two legumes alfalfa and clover. The RMSE was 7.31 for all brome material, and 4.73 for 25% 
material, 5.02 for 50% material, and 10.43 for 100% material. The mixtures of grasses and 
legumes gave mixed results. Brome/clover results were similar to the legumes with the RMSE 
for all brome/clover data of 5.51. The RMSE for the 25%, 50%, and 100% test of brome/clover 
were 6.97, 2.99, and 6.00 respectively. The other mixture, brome/alfalfa gave the largest 
moisture content prediction RMSE of 11.85 for all brome/alfalfa data. The RMSE for the 25%, 
50%, and 100% tests of brome/alfalfa were 10.96, 13.10, and 11.86 respectively.  
The coefficient of determinations for the materials tested ranged from 0.54 to 0.96 (table 3). The 
legumes had higher coefficient of determinations (0.95 for alfalfa and 0.91 for clover) than the 
grasses (0.78 for brome and 0.74 for orchard) and mixtures (0.65 for brome/alfalfa and 0.94 for 
brome/clover). The amount of material in the sensor does not have an effect on the moisture 
content prediction for the materials tested.  It is import that the sensor is capable of predicting 
moisture content of a material with an unknown density. The predicted vs. actual moisture 
content for the different levels of density for alfalfa, brome, and brome/clover are shown in 
figures 6, 7, and 8 respectively. The densities are represented by the different symbols. There 
was no trend due to density in the scatter of the individual tests about the regression line.  
Regression line and coefficient of determination are shown for alfalfa (figure 6), brome (figure 
7), and brome/alfalfa (figure 8), and reported in table 3 for clover, orchard, and brome/alfalfa.  
The RMSE for all alfalfa samples combined was 4.99, and 4.94 and 4.99 for the low and high 
densities of alfalfa. The RMSE for clover were 7.55 for all clover data, 7.19 and 7.75 for the low 
and high densities of clover. The RMSE was 7.31 for all brome material, and 6.02 and 5.07 for 
the low and high densities of brome. Orchard the other grass had RMSE values of 8.97 for all 
data, 6.90 and 10.67 for the low and high densities. The mixtures of brome/alfalfa had RMSE 
values of 11.85, 12.05, and 11.98 for all brome/alfalfa, low and high densities respectively. The 
RMSE values for brome/clover were 5.51, 5.43, and 5.75 for all brome/clover, low and high 
densities respectively.   
The material that is going into the pick-up on a high production hay baler is often unknown, and 
thus the sensor must be able to predict the material in the fixture, or the sensor must not be 
affected by material type. The prediction equations used different models for all crops tested, 
and the models used different combinations of frequencies to predict moisture.  Different 
calibration equations are needed for the different materials tested.  The moisture sensor that 
was developed is specific to each crop, and must be calibrated for each particular crop. A global 
calibration for all crops under all test conditions was not successful (R2 = 0.75). 
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Table 3. Regression equations for prediction vs. actual moisture content.  
  Linear Regression equation 
Material  R2 Slope Intercept RMSE1/ 
LEGUMES Alfalfa (all material)2/ .95 .95 1.71 4.99 
 Alfalfa (25% material) .95 .90 2.50 4.88 
 Alfalfa (50 %material) .96 1.00 .41 4.87 
 Alfalfa (100 % material) .96 .96 2.27 5.09 
 Alfalfa (low density)3/ .95 .92 2.31 4.94 
 Alfalfa (high density) .96 .99 1.11 4.99 
       Clover (all material) .91 .91 3.39 7.55 
 Clover (25% material) .91 .81 6.20 6.89 
 Clover (50% material) .91 .94 2.16 8.23 
 Clover (100% material) .93 .97 1.76 7.36 
 Clover (low density) .91 .85 5.61 7.19 
 Clover (high density) .92 .97 1.17 7.75 
      GRASSES Brome (all material) .78 .78 6.46 7.31 
 Brome (25% material) .89 .64 10.88 4.73 
 Brome (50% material) .90 .77 7.32 5.02 
 Brome (100% material) .83 .75 7.50 10.43 
 Brome (low density) .86 .74 7.40 6.02 
 Brome (high density) .88 .69 9.91 5.07 
       Orchard (all material) .74 .73 8.37 8.97 
 Orchard (25% material) .75 .48 12.94 5.92 
 Orchard (50% material) .90 .89 5.52 6.39 
 Orchard (100% material) .75 .80 9.01 10.54 
 Orchard (low density) .81 .66 10.64 6.90 
 Orchard (high density) .72 .80 7.49 10.67 
      MIXTURES Brome/Alfalfa (all material) .65 .65 10.97 11.85 
 Brome/Alfalfa (25% material) .67 .61 11.84 10.96 
 Brome/Alfalfa (50% material) .54 .57 12.45 13.10 
 Brome/Alfalfa (100% material) .73 .75 8.64 11.86 
 Brome/Alfalfa (low density) .65 .66 10.71 12.05 
 Brome/Alfalfa (high density) .64 .64 11.23 11.98 
       Brome/Clover (all material) .94 .94 1.83 5.51 
 Brome/Clover (25% material) .92 .92 2.63 6.97 
 Brome/Clover (50% material) .98 .90 3.20 2.99 
 Brome/Clover (100% material) .94 1.00 .33 6.00 
 Brome/Clover (low density) .95 .95 1.73 5.43 
 Brome/Clover (high density) .94 .94 1.92 5.75 
1/ Root mean square error determined from SAS. 
2/ Regression equations for all of crop test samples.  
3/ Amount of mass in test fixture had two levels, low and high. 
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Figure 6.  Regression line of actual moisture content vs. predicted moisture content for all alfalfa 
data. Different symbols are used to represent low and high densities of alfalfa in the fixture.  
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Figure 7.  Regression line of actual moisture content vs. predicted moisture content for all 
brome data. Different symbols are used to represent low and high densities of brome in the 
fixture. 
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Figure 8.  Regression line of actual moisture content vs. predicted moisture content for all 
brome/clover data. Different symbols are used to represent low and high densities of 
brome/clover in the fixture. 
 
CONCLUSION 
The forage moisture sensor capable of measuring moisture independent of density using 
frequencies ranging from 900 KHz to 13 MHz with the exception of clover, which included 5 Hz 
in there prediction model. The sensor was able to predict the moisture content of forages, with 
the RMSE ranging from 3 to 13%, for the different crop types. 
Prediction of moisture content is dependent on material, but is independent of density, and the 
percentage material in the test fixture. Future research in this area could lead to prediction 
equations that will predict material and a prediction equation can be used to solve for material, 
then the moisture content can be solved.  
The standardized moisture content measurements in the high moisture range (above 65%) and 
the low moisture content (below 11%) had much less variation than the middle moisture 
contents (12-64%). The reason for narrow moisture content range is that the crop was tested 
immediately after it was cut. It had very little time to dry. At the low moisture content it had 
reached equilibrium moisture content. The middle moisture contents the crop dried unevenly 
resulted in substantial differences in the moisture content of individual sub-samples, which is 
reflected in the wide range in actual moisture contents.  The legumes dried more evenly than 
grasses and mixtures. A significant portion of the prediction error may have been from material 
used for the standardized test was not a representative sample of the material tested in the 
fixture.   
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